Rationale: Angioproliferative vasculopathy is a hallmark of pulmonary arterial hypertension (PAH). However, little is known about how endothelial cell (EC) and smooth muscle cell (SMC) crosstalk regulates the angioproliferative vascular remodeling.
Pulmonary arterial hypertension (PAH) is a progressive, complex, and devastating disease arising from a variety of pathogenic or genetic causes. Excessive vasoconstriction and abnormal vascular remodeling have been considered as the major factors contributing to the complicated pathogenesis of PAH (1) (2) (3) . PAH types with different etiologies share several histopathologic features including intima and media thickening, muscularization of distal pulmonary arteries, vascular occlusion, and complex plexiform lesions (4) (5) (6) , which are largely caused by pulmonary vascular cell hyperproliferation, including endothelial cells (ECs) and smooth muscle cells (SMCs) (7) (8) (9) (10) . The vascular wall environment in PAH replicates many features of cancer, including elevated growth factors and inflammatory cytokines, which induce and sustain a proliferative vasculopathy that involves the interaction of multiple cell types, such as ECs and SMCs (8, 11, 12) . Thus, identification of the critical molecular mechanisms mediating vascular cell hyperproliferation is vital to inhibit and reverse the angioproliferative vascular remodeling in PAH.
FoxM1 (forkhead box M1) is a key regulator of cell cycle progression, which is required for G1/S and G2/M transition, and M-phase progression (13) (14) (15) . Quiescent cells express a low level of FoxM1, whereas most solid tumors including liver, colon, lung, prostate carcinoma, and glioblastoma express elevated levels of FoxM1 (13) (14) (15) (16) . FoxM1 is activated after tissue injury, such as inflammatory lung injury and liver injury, and in turn it is required for the reparative processes (17, 18) . During development, FoxM1 plays an important role in mediating SMC proliferation, given that constitutive deletion of SMC Foxm1 in mice induces arterial wall defects and premature death immediately after birth (19) . Recent studies show that hypoxiainduced human pulmonary artery (PA) SMC proliferation in vitro is mediated by FoxM1, and that FoxM1 promotes expansion of pulmonary arterial smooth muscle cells (PASMCs) (20, 21) . However, it is unknown whether FoxM1 mediates pulmonary vascular remodeling and thereby development of pulmonary hypertension (PH) in vivo under hypoxia and nonhypoxia pathologic conditions, in which vascular cell type FoxM1 is required for pulmonary vascular remodeling and how FoxM1 is activated during development of PAH.
In the present study, using cell-specific knockout mouse models, we demonstrate for the first time the critical role of FoxM1 expressed in SMCs but not ECs in mediating pulmonary vascular remodeling and PH. Mechanistically, we show that EC-derived factors associated with PH play an important role in inducing FoxM1 expression in SMCs and resultant SMC hyperproliferation. Thus, EC-SMC crosstalk is a critical determinant of pulmonary vascular remodeling in a FoxM1-dependent manner, and targeting FoxM1 may represent an effective therapeutic strategy to inhibit the angioproliferative pulmonary vascular remodeling in idiopathic PAH (IPAH).
Methods

Animals and Experimental Protocol
Egln1
Tie2Cre mice and Foxm1 Tie2Cre mice were generated as described previously (17, 22 (22, 23) . Clinical data from these patients and healthy control subjects are provided in Supplementary Table E1 in the online supplement (22) (23) (24) . Human PASMCs and pulmonary endothelial arterial cells (PAECs) were provided by Dr. Roberto Machado (Indiana University) and the Pulmonary Hypertension Breakthrough Initiative.
Primary Cultures of Human PASMCs and PAECs
Primary human PASMCs from normal subjects and patients with IPAH were cultured in SmGM-2 medium supplemented with SmGM-2 SingleQuots. PAECs were cultured in EBM-2 medium supplemented with EGM-2 SingleQuots. All primary cultures were used between passages 6 and 9.
Hemodynamics and Echocardiography
Echocardiography was performed on a VisualSonics Vevo 2100 (FujiFilm VisualSonics Inc.) (22) . Right ventricular systolic pressure (RVSP) was measured with a 1.4F (mice) or 3.5F (rats) pressure transducer catheter (Millar Instruments) and analyzed by AcqKnowledge software (Biopac Systems Inc.) (22) .
RNAscope In Situ Hybridization Assay
To determine FOXM1 mRNA expression in SMCs, we used a single-plex RNAscope in situ hybridization assay (Advanced Cell Diagnostics) combined with anti-a-SMA (smooth muscle actin) immunofluorescent staining on lung sections from patients with IPAH and normal subjects.
Immunofluorescent Staining
Human lung sections from patients with IPAH and healthy donors were dewaxed 
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P values corrected for multiple comparisons using Prism 7 (Graphpad Software, Inc.). Twogroup comparisons were analyzed by the unpaired two-tailed Student's t test for equal variance or the Welch t test for unequal variance. P less than 0.05 denoted the presence of a statistically significant difference. All bars in dot plot figures represent mean. All bar graphs represent mean 6 SD. An expanded MATERIALS AND METHODS section is provided in the online supplement.
Results
Prominent Expression of FoxM1 in Lung Tissues from Patients with IPAH and Rodent PH Models
First, we quantified FOXM1 mRNA expression in lung tissues from healthy donors and patients with IPAH by qRT-PCR analysis. FOXM1 was markedly increased in IPAH lung tissues ( Figure 1A) . In situ RNA hybridization (RNAscope) assay demonstrated prominent FOXM1 expression in SMCs of the vascular lesions in IPAH lungs ( Figure 1B ; see Figure E1 ). Accordingly, immunofluorescent staining showed that FoxM1 expression was markedly induced in the medial layer of patients with IPAH, which mainly contains SMCs ( Figure 2C ; see Figure E2A ). We next observed that FoxM1 and its downstream target genes CDC25C and CCNB1 were highly induced in PASMCs but not PAECs from patients with IPAH. (Figures 1D-1F ; see Figure E2B ). We also evaluated FoxM1 expression in lung tissues from mouse and rat PH models. Induction of FoxM1 was prominent in lungs of mice challenged with Sugen 5416/hypoxia (SuHx) (see Figure E3A ) and Egln1
Tie2Cre mice (22), a mouse model of severe PH resembling the pathology seen in IPAH (including obliterative pulmonary vascular remodeling) ( Figure 1G) . Similarly, SuHx rats and monocrotaline (MCT)-exposed rats exhibited increased expression of FoxM1 as well as its target genes Ccna2 and Cenpf (Figures 1H   and 1I ; see Figures E3B-E3E ). These data demonstrate that FoxM1 is highly induced in PASMCs and lung tissues of patients with IPAH and PH animal models.
SMC Foxm1 Deletion in Adult Mice Protects from SuHx-induced PH
To address the cell-specific role of FoxM1 in the pathogenesis of PH, we generated mouse models with EC-or SMC-specific disruption of Foxm1. Given that constitutive deletion of Foxm1 in SMC induces neonatal death (19) , we used an inducible deletion strategy to obtain adult mutant mice by breeding Foxm1 floxed mice into the genetic background of Myh11Cre-ERT2 mice (Foxm1 iMyh ) (25) (Figure 2A ). Tamoxifen treatment induced approximately 75% decrease in Foxm1 expression in a-SMA Figures E4A and E4B ). These data suggest that FoxM1 in SMCs contributes to the development of SuHx-induced PH in mice.
To investigate the role of EC FoxM1 in the pathogenesis of PH, we used previously characterized Tie2Cre-mediated EC Foxm1 knockout mice (17) . Foxm1
Tie2Cre mice did not show any differences regarding both RVSP and RV hypertrophy compared with Foxm1 f/f mice following hypoxia challenge (see Figures E4C and E4D ), indicating that EC FoxM1 is not involved in hypoxiainduced PH in mice.
FoxM1 Is Required for SMC Proliferation In Vivo during PH Development
To determine whether FoxM1 mediates SMC proliferation in vivo, we assessed cell proliferation by immunostaining for Ki67 in SuHx-challenged mice. Foxm1 iMyh mice had a marked decrease in the number of Ki67 1 /a-SMA 1 cells compared with that of Foxm1 f/f mice ( Figures 3A and 3B ). Moreover, knockdown of FoxM1 in PASMCs from patients with IPAH reduced cell proliferation ( Figures 3C and 3D) . Taken together, these data suggest that FoxM1 is required for SMC proliferation in PH.
Endothelium-derived Factors Induce FoxM1-dependent Proliferation of SMCs
Recent studies indicate that dysregulation of endothelium-derived factors modulates the vascular niche and affects SMC proliferation during pulmonary vascular remodeling (27, 28 Figure 4A ). PAECs isolated from patients with IPAH also showed induced expression of CXCL12, PDGFB, and MIF (see Figure  E5 ). Treatment of human PASMCs with recombinant PDGF-B, CXCL12, ET-1, or MIF induced marked increases of FOXM1 expression ( Figures 4B and 4C) . Knockdown of FOXM1 blocked the proliferative effect of CXCL12, ET-1, PDGF-B, and MIF on SMC proliferation (Figures 4D-4F ). These data suggest that FoxM1 is a common transcription factor in SMCs induced by various endothelium-derived factors mediating SMC proliferation and pulmonary vascular remodeling.
Because Cxcl12 was markedly induced in lung ECs from Egln1
Tie2Cre mice (see Figure E6A ) and patients with IPAH (see Figure E5 ), as well as in lung tissues from patients with IPAH ( Figure 5A ), we next aimed to determine whether endotheliumderived Cxcl12 is important in activating FoxM1 expression in SMCs and promoting pulmonary vascular remodeling in vivo. We generated Egln1/Cxcl12
Tie2Cre doubleknockout mice by breeding Egln1
Tie2Cre mice into the genetic background of Cxcl12 floxed mice (29) . Cxcl12 expression is completely normalized in Egln1/Cxcl12
Tie2Cre lungs compared with that in Egln1
Tie2Cre lungs (Figures 5B and 5C ; see Figure E6B ). Accordingly, we observed inhibited expression of FoxM1 and its target genes essential for cell cycle progression including Ccnb1, Ccna2, and Cdc25c in Egln1/Cxcl12
Tie2Cre lungs (Figures 5B-5D ). Immunostaining revealed marked inhibition of SMC proliferation in Egln1/Cxcl12 Tie2Cre lungs, which was consistent with decreased FoxM1 expression in PASMCs isolated from Egln1/Cxcl12
Tie2Cre mice (Figures 5E and 5F; see Figure E6C ). Thus, EC-derived Cxcl12 secondary to Egln1 deficiency plays a critical role in activating FoxM1 expression and resulting SMC proliferation in vivo.
Cxcr4 Deletion in SMCs Protects against Hypoxia-induced PH
Given that CXCR4 is the well-known receptor for Cxcl12, we further investigated the role of SMC CXCR4 in the development of PH. We generated mice with tamoxifeninduced SMC-specific disruption of Cxcr4 (Cxcr4 iMyh ) by breeding Cxcr4 floxed mice (30) with Myh11-CreERT2 mice. Cxcr4 iMyh mice were protected from hypoxia-induced PH, evident by inhibited hypoxia-induced increases in RVSP, RV versus left ventricular plus septum ratio, vessel wall thickness, and muscularization of distal pulmonary vessels ( Figures 6A-6E) . qRT-PCR analysis demonstrated FoxM1 was markedly induced in pulmonary vascular SMCs from hypoxiachallenged wild-type mice but not Cxcr4 iMyh mice (see Figure E7 ).
Pharmacologic Inhibition of FoxM1 Inhibits Severe PH in SuHx Rats
We next set out to assess the therapeutic potential of blocking FoxM1 in rat PH models. Given that thiostrepton, a Food and Drug Administration approved drug for veterinary medicine, has been demonstrated to be a FoxM1 inhibitor by inhibiting FoxM1 binding to its genomic target site (31), we first aimed to determine the efficacy of thiostrepton in SuHx rats. Treatment with thiostrepton inhibited SuHx-induced expression of FoxM1 and its target genes (see Figures E8A-E8D) , indicating effective inhibition of FoxM1 by thiostrepton. Accordingly, SuHx-induced increase in RVSP was inhibited in thiostrepton-treated SuHx rats at 10 or 20 mg/kg ( Figure 7A ). RV hypertrophy induced by SuHx was only markedly reduced by 20 mg/kg of thiostrepton treatment. However, 20 mg/kg of thiostrepton treatment in SuHx rats did not affect systemic blood pressure, heart rate, or body weight compared with vehicle groups (see Figures E8E-E8G ). Thus, we focused on evaluating the effects of 20 mg/kg of thiostrepton treatment on PH. Echocardiography analysis demonstrated that thiostrepton treatment (20 mg/kg) reduced RV wall thickness, total pulmonary vascular resistance, and increased RV fraction area change, indicative of RV contractility, as well as cardiac output (Figures 7C-7E ; see Figures  E9A and E9B ). PA function was preserved, evident by restored pulmonary arterial acceleration time/ejection time ratio ( Figure 7F ; see Figure E9C ). Trichrome staining revealed reduced RV fibrosis in thiostrepton-treated rat lungs compared with vehicle control animals ( Figure 7G ). Thiostrepton treatment also attenuated pulmonary vascular remodeling including wall thickening, formation of occlusive lesions, and muscularization of distal pulmonary arterials in SuHx rats ( Figures  7H-7L ). The reduction of vascular remodeling by thiostrepton treatment coincided with decreased expression of the cell proliferation marker, PCNA (see Figure   E8B ), and with SMC proliferation (see Figures E9D and E9E) . Together, these data suggest that blocking FoxM1 inhibits severe PH and prevents RV fibrosis and RV failure in SuHx rats.
FoxM1 Inhibition Suppresses MCT-induced PH in Rats
We also evaluated the therapeutic potential of targeting FoxM1 in MCT-exposed rats. Thiostrepton treatment in MCT rats significantly reduced FoxM1 expression (see Figures E10A-E10C ) and PH phenotype, because RVSP, RV versus left ventricular plus septum ratio, and total pulmonary vascular resistance were reduced in thiostrepton-treated MCT rats compared with vehicle control animals (Figures 8A and 8B; see Figure E10D ). There was an improvement in cardiac output and PA function following thiostrepton treatment ( Figures 8C and 8D) . The vascular lesions, wall thickness of pulmonary vessels, and distal pulmonary arterial muscularization as well as the number of proliferative SMCs were greatly attenuated by thiostrepton treatment (Figures 8G and 8H ; see Figures  E10E and E10F) . Together, these data demonstrate that targeting FoxM1 attenuates MCT-induced PH in rats.
Discussion
In this study we demonstrate that FoxM1 is markedly upregulated in PASMCs and lungs of patients with IPAH and various rodent models of PH. Genetic disruption of Foxm1 in SMCs but not ECs in mice protects from hypoxia-or SuHx-induced PH, supporting the crucial role of smooth muscle FoxM1 in the pathogenesis of pulmonary vascular remodeling and PH. We also observe that endothelial-derived factors, such as CXCL12, PDGF-B, ET-1, and MIF, induce SMC proliferation in a FoxM1-dependent manner. Deletion of Cxcl12 in ECs or its cognate receptor Cxcr4 in SMCs blocks FoxM1 induction, along with attenuation of pulmonary vascular remodeling and PH. Furthermore, pharmacologic inhibition of FoxM1 with thiostrepton inhibits PH in both SuHx-and MCT-challenged rats. Thus, targeting FoxM1 may represent a novel approach for inhibiting pulmonary vascular remodeling and effectively treating PAH including IPAH. Our data also provide strong evidence about the role of EC-SMC crosstalk in the pathogenesis of pulmonary vascular remodeling and PH ( Figure 8H) .
We demonstrate that FoxM1 is markedly induced in PASMCs and lungs of patients with IPAH and four rodent PH models and also in PASMCs by various factors released from ECs. Decreased cell proliferation was observed in FoxM1-deficient SMCs in vitro and in vivo and in PH rats treated with thiostrepton, and there was a significant reduction of pulmonary vascular remodeling in SuHx-challenged Foxm1 iMyh mice and in PH rats treated with thiostrepton. However, we observed no marked changes of cell apoptosis under these conditions (see Figure E11 ). These data strongly support our hypothesis that elevated FoxM1 expression in SMCs mediates SMC proliferation, which contributes to pulmonary vascular remodeling and PH development. Consistent with our observations, recent studies show that FOXM1 is upregulated in PASMCs isolated from patients with IPAH and PH rats (21, 32) , and that FoxM1 mediates PASMC expansion in vitro (20, 21) . Using tamoxifen-inducible SMCspecific Foxm1 knockout mice, our work for the first time demonstrates the causal role of increased FoxM1 expression in the mechanisms of SMC proliferation in vivo and pulmonary vascular remodeling.
Although EC proliferation is evident in patients with PAH and PH rodent models, it seems that endothelial FoxM1 is dispensable for the pathogenesis of PH. It is also possible that endothelial dysfunction but not EC hyperproliferation per se plays a pathogenic role in the development of PH. A recent study, for example, has shown that forced EC apoptosis induces spontaneous PH in mice (33) . Our study shows that dysfunctional ECs can regulate FoxM1 expression in SMCs in a paracrine manner and thereby contribute to the pathogenesis of PH. The cellular and molecular mechanisms of PAH are complex and multifaceted, involving cell types within the vascular wall and also other cells, such as immune cells. Although the triggers for the initiation of PH remain unknown, one current hypothesis is that EC dysfunction is the initiating event during PAH development (34, 35) . Dysfunctional ECs produce several regulatory mediators, such as ET-1 (35), IL-6 (36), fibroblast growth factor-2 (28), and transforming growth factor-b (37), resulting in excessive vasoconstriction and SMC proliferation.
Our data provide direct evidence that ECs from Egln1
Tie2Cre mice display increased expression of multiple proproliferative factors including CXCL12, PDGF-B, ET-1, and MIF. All these factors can induce marked expression of SMC FoxM1 and resulting proliferation. We recently show that CXCL12 can induce FoxM1 expression in ECs via PI3K/FoxO1 signaling (38) . It is possible that CXCL12-induced FoxM1 expression in SMCs is also through the same mechanism. Intriguingly, PDGF-B, ET-1, and MIF can also activate PI3K signaling (39) (40) (41) . PI3K activation inactivates FoxO and thereby activates FoxM1 expression (38, 42) . Thus, the PI3K/FoxO signaling is likely the common mechanisms mediating FoxM1 expression induced by these paracrine factors from ECs ( Figure 8I ). Future studies are warranted to investigate this possibility. Apart from the paracrine effects of ECs on the regulation of FoxM1 expression in PASMCs, FoxM1 expression in PAH SMCs is also regulated by miR-204 (43) and BRD4 (44) . Previous study also shows that FoxM1 can be upregulated in hypoxic SMCs (20) . These data together demonstrate that FoxM1 is a common effector molecule in mediating SMC proliferation and pulmonary vascular remodeling in response to hypoxia and nonhypoxia pathologic stimuli.
Elevated plasma CXCL12 is associated with an unfavorable prognosis in patients with PAH, and in hypoxic rodent lungs (45, 46) . Our data also demonstrate a marked increase of CXCL12 expression in lungs of patients with IPAH. The cellular source of excessive CXCL12 in PAH could be ECs, given the prominent CXCL12 immunostaining in the lung of patients with PAH (47) and our finding that CXCL12 expression is completely normal in Egln1/Cxcl12
Tie2Cre lungs. Previous studies using the CXCR4 inhibitor, AMD3100, have implicated the role of CXCR4 signaling in the context of PH (48) (49) (50) (51) . Given that Cxcr4 2/2 mice are embryonic lethal (52), the cell-specific role of CXCR4 in the pathogenesis of PH had been unexplored in vivo. Here we used an inducible genetic deletion strategy and observed attenuated pulmonary vascular remodeling and PH in Cxcr4 iMyh mice following hypoxia challenge. Thus, we have demonstrated an essential role of endothelial CXCL12 and SMC CXCR4 in mediating FoxM1-dependent SMC proliferation and pulmonary vascular remodeling. Our studies provide clear evidence of EC-SMC crosstalk in the pathogenesis of PH.
The present studies have shown that targeting FoxM1 with thiostrepton effectively inhibits PH in both SuHx-and MCT-challenged rats. Using genetic and pharmacologic approaches, our studies provide unequivocal evidence that targeting SMC FoxM1 may be an effective approach to inhibit SMC proliferation and pulmonary vascular remodeling in patients with PAH. Consistently, a recent study also showed an important role of FoxM1 in promoting SMC expansion and pharmacologic inhibition of FoxM1 attenuates PAH in SuHx and MCT rats (21) .
Notably, our studies have also demonstrated an important role of thiostrepton treatment in reducing RV fibrosis. It is possible that fibroblast FoxM1 is also markedly induced in RV during PH development, which promotes fibroblast proliferation in the process of RV fibrosis. In this case, thiostrepton could also inhibit fibroblast proliferation and thereby repress RV fibrosis. It is also possible that the reduced RV fibrosis is attributable to decreased severity of the PH phenotype in thiostrepton-treated SuHx rats. Further studies are warranted to address the mechanisms that regulate this important finding.
In summary, our studies demonstrate a pathogenic role of SMC FoxM1 in mediating SMC proliferation and pulmonary vascular remodeling, and provide clear evidence of EC-SMC crosstalk in the pathogenesis of PH. We also show that pharmacologic inhibition of FoxM1 inhibits severe PH in rodent models. These studies suggest that FoxM1 inhibition could be an effective strategy to pursue for the treatment of PAH in humans. n Author disclosures are available with the text of this article at www.atsjournals.org.
